Multilocus sequencing of housekeeping genes has been used previously for bacterial strain typing and for inferring evolutionary relationships among strains of Escherichia coli. In this study, we used shorter intergenic sequences that contained simple sequence repeats (SSRs) of repeating mononucleotide motifs (mononucleotide repeats [MNRs]) to infer the phylogeny of pathogenic and commensal E. coli strains. Seven noncoding loci (four MNRs and three non-SSRs) were sequenced in 27 strains, including enterohemorrhagic (six isolates of O157:H7), enteropathogenic, enterotoxigenic, B, and K-12 strains. The four MNRs were also sequenced in 20 representative strains of the E. coli reference (ECOR) collection. Sequence polymorphism was significantly higher at the MNR loci, including the flanking sequences, indicating a higher mutation rate in the sequences flanking the MNR tracts. The four MNR loci were amplifiable by PCR in the standard ECOR A, B1, and D groups, but only one (yaiN) in the B2 group was amplified, which is consistent with previous studies that suggested that B2 is the most ancient group. High sequence compatibility was found between the four MNR loci, indicating that they are in the same clonal frame. The phylogenetic trees that were constructed from the sequence data were in good agreement with those of previous studies that used multilocus enzyme electrophoresis. The results demonstrate that MNR loci are useful for inferring phylogenetic relationships and provide much higher sequence variation than housekeeping genes. Therefore, the use of MNR loci for multilocus sequence typing should prove efficient for clinical diagnostics, epidemiology, and evolutionary study of bacteria.
Escherichia coli is a species of gram-negative bacterium that includes numerous strains and serotypes (1, 31) . The species includes commensal strains and a variety of pathogenic groups, including enterohemorrhagic E. coli (EHEC), enteropathogenic E. coli (EPEC) and enterotoxigenic E. coli (ETEC) strains. EHEC strains, also known as Shiga-like toxin-producing E. coli strains, are associated with a variety of medical syndromes, including diarrhea, hemorrhagic colitis, and hemolytic uremic syndrome. EHEC serotype O157:H7 is one of the primary food-borne pathogenic threats in Europe and North America (40, 50) . EPEC and ETEC strains are major causes of dehydrating infant diarrhea and infections correlated with adverse nutritional consequences in developing countries (22, 40) .
Subdivision of bacterial strains is based on various O:H serotypes, discrete virulence and adherence properties, and distinct clinical phenotypes. Electrophoretic allozyme typing has been used to assess genetic relationships among E. coli strains in several studies (31, 32, 35, 41, 49, 50) . In these studies, it was demonstrated that O:H serotyping is not sufficient for defining phylogenetic relatedness among E. coli strains. Analysis of the DNA sequences of housekeeping genes has also been used to study phylogenetic relationships among E. coli strains (21, 26, 35) . Reid et al. (36) used sequence data for seven housekeeping genes to elucidate the evolution of pathogenic mechanisms by inferring phylogenetic relationships among 14 EHEC, EPEC, and K-12 strains.
Simple sequence repeats (SSRs, or microsatellites) are a class of DNA sequences consisting of simple motifs that are tandemly repeated at a locus (47) . SSRs have long been known to be distributed throughout the genomes of eukaryotes, highly polymorphic (43, 48) , and useful as tools for phylogenetic inference (5) . The variability observed in SSRs is thought to be caused by slipped-strand mispairing. The abnormal tertiary structure of repetitive DNA allows mismatching of neighboring sequences, and repeats can be inserted or deleted during DNA duplication (reference 46 and references therein). Screening of prokaryotic genomes for SSRs has revealed large numbers of SSR tracts (7-9, 45, 46) . Publication of the complete genome sequence for E. coli (2) provided the basis for characterizing SSR tracts in this organism, both genomewide and at particular loci (8, 9, 24) . PCR-based assays have been developed in our laboratory for screening SSR polymorphism in different E. coli strains. Mononucleotide SSRs (mononucleotide repeats [MNRs] ), consisting of at least five repeats, were found to be abundant and polymorphic in noncoding regions of the E. coli genome (9, 24) .
Inference of evolutionary relationships within E. coli is not trivial due to horizontal transfer of genomic sequences between strains and species, which leads to fragmentation of the "clonal frame" (25) . The inferred evolutionary history of a particular lineage may differ among different parts of its genome. Thus, combining data from two loci may obscure the reconstruction of either history (21) . Statistical methods for identifying regions of recombination and for assessing its impact on phylogenetic reconstruction rely on large numbers of polymorphic genetic markers distributed throughout the genome. Therefore, screening of multiple polymorphic MNR loci is appropriate for supporting inferences about evolutionary relationships within E. coli and as a model system for phylogenetic studies in bacteria. Metzgar et al. (24) found poor consistency between phylogenetic trees constructed by amplification fragment size analysis of SSRs and the standard E. coli reference (ECOR) tree of Herzer et al. (12) . They concluded that individual SSRs mutate too frequently to retain meaningful phylogenetic information at the evolutionary scale represented by the standard ECOR tree. However, we hypothesize that by combining sequence data from as many loci as possible, MNRs may be used to construct phylogenetic trees which are consistent with those reported in previous studies that used other genetic markers. Additionally, we hypothesize that sequence variation at the flanking regions of the MNRs contains important information that can aid in the reconstruction of evolutionary relationships. Hence, in this study, we addressed two questions: Are randomly selected noncoding loci that contain MNRs more polymorphic at the sequence level than noncoding loci that do not contain SSRs in E. coli? How useful are those MNRs and their flanking sequences for inferring evolutionary relationships in E. coli when analyzed for sequence polymorphism?
Seven noncoding loci (four MNRs and three non-SSRs) were sequenced in 27 EHEC, EPEC, ETEC, B, and K-12 strains to address the first question. The MNR loci were also examined in the 72 strains of the ECOR collection (31) to enable comparison of the inferred evolutionary relationships with those of previous studies (12, 24, 35, 36, 50) . The underlying goal of this study was to test the utility of MNRs for phylogenetic studies and strain identification in E. coli as a model system for prokaryotes.
MATERIALS AND METHODS
Bacterial strains. The study included 99 pathogenic and nonpathogenic strains of E. coli (Table 1) . To verify that the ECOR strains are identical to the clones used in previous studies, we sequenced a PCR-amplified fragment of the trpC gene (21) in nine of them, ECOR strains 4, 8, 26, 27, 30, 52, 54, 60, and 70. The primers used to amplify a 500-bp trpC fragment were 5Ј-GGATTAACACCTA TGGTCAG-3Ј (forward) and 5Ј-CCGCCAGTAACACATTATC-3Ј (reverse). All sequences were identical to the GenBank sequences of these strains.
Locus selection and primer construction. The complete genomic sequence of E. coli K-12 (2) was obtained from http://mol.genes.nig.ac.jp/ecoli/. PCR primers for fragment amplification were designed from one open reading frame to the adjacent downstream open reading frame as previously described (9) . All primer pairs were based on the K-12 sequence (Table 2) . Loci were named after the downstream open reading frame. The loci were selected at random from various sites of the E. coli genome. The locations of the loci on the circular chromosome are shown in Fig. 1 . Four of the loci (b2345, ykgE, ycgW, and yaiN) contain MNRs, and three (pepD, galS, and osmB) do not contain SSRs. DNA extraction and PCR amplification. Extraction of genomic DNA and the PCR amplification protocol were performed as previously described (9).
DNA sequencing. PCR products were purified (QIAquick; Qiagen) and sequenced on both strands on an ABI 310 automated DNA sequencer with the BigDye terminator cycle sequencing kit (Applied Biosystems, Inc.), following established procedures (3) . Only sequences with complete agreement between the two strands were used for further analysis. Multiple alignment of the sequences was performed with the Sequence Navigator program (version 1.0.1; Applied Biosystems, Inc.).
Sequence polymorphism: comparison between MNR-containing loci and non-SSR loci. Two methods were used to assess the level of sequence variation at each locus. In the first, the percentage of polymorphic positions in a locus (single nucleotide polymorphisms [SNPs] ) divided by the number of strains that were amplified in that locus was determined: polymorphism ϭ [(SNP/SEQ) ϫ 100]/no. of strains, where polymorphism is the fraction of polymorphic positions, SNP is the number of SNPs, SEQ is the length of the sequence in base pairs, and the number of strains is the number of strains that were amplified by PCR. The second method was the same except that the core repeat motifs within the MNRs were not included in the calculation of polymorphism. This was done to quantify the level of polymorphism in the sequences flanking MNR loci.
The number of microhaplotypes (set of specific mutations within limited chromosomal regions) observed at each locus was normalized as a fraction of the sequence length and number of strains that were amplified as in the first method. Two sequences were considered different genotypes if they contained at least one position at which they differed.
Student's t test for unequal variances (27) was conducted to compare the level of polymorphism between MNR and non-SSR loci as calculated by each of the two methods.
The comparison of sequence polymorphism between MNR and non-SSR loci was conducted in 27 strains (not including ECOR strains [ Table 1] ).
Phylogenetic analysis. The program Reticulate was used to identify putative recombination between loci through the construction of a compatibility matrix (13) . The program START, version 1.0.4, written by Keith Jolley, University of Oxford, 2000 (Index of Association implementation modified from code provided by John Maynard-Smith, United Kingdom), was used to calculate the index of association (I A ) value for the four MNR loci. An I A value that is not significantly different from 0 indicates that the loci may be incompatible (42) . Loci that show incompatibility should not be combined for phylogenetic analysis, since their incompatibility may be the result of horizontal gene transfer (21) .
Phylogenetic trees were inferred for each of the four MNR loci and for the combined sequence of all four loci. Trees were constructed by the unweighted pair-group method with arithmetic means (UPGMA) and neighbor-joining (NJ) algorithms (MEGA software) (29) and by the method of maximum parsimony (MP) (6) . Bootstrap confidence values for the UPGMA and NJ algorithms were based on 1,000 simulated trees.
RESULTS
PCR amplification and sequence analysis. Twenty of the 72 ECOR strains were sequenced at the four MNR loci for phylogenetic analysis. The strains selected represent the different phylogenetic groups of Herzer et al. (12) and also supported maximum PCR amplification at the four MNR loci (Table 3) ; 27 non-ECOR strains were sequenced at each of seven noncoding loci (four MNRs and three non-SSRs) that produced PCR amplification.
The presence or absence of PCR amplification varied among loci; while yaiN was the only locus which was amplified in the B2 group, b2345 and ycgW were amplifiable in almost all A, B1, D, and E strains but not in B2 strains (Table 3) .
In order to simplify the sequence analysis, all the polymorphic sites were joined to create an artificial core sequence alignment. For example, the core sequence of yaiN is 13-bp point mutations different from the consensus 198-bp sequence. The alignment results for four MNR loci in 41 strains is presented in Fig. 2 .
Sequence polymorphism. MNR tracts showed high levels of polymorphism with up to five alleles despite their short length. The polymorphism of the MNR loci was significantly higher than the polymorphism of the noncoding loci that did not contain SSRs, as evidenced by comparing both the number of polymorphic sites and the number of microhaplotypes at each locus ( Table 4 ). The sequences flanking the MNRs were found to be more polymorphic than those flanking non-SSR loci at a nearly significant level (P ϭ 0.053). These findings suggest that the presence of MNR tracts at these loci correlates with their increased variable nature.
Phylogenetic analysis. A compatibility matrix (Fig. 3a) was derived from comparison of all possible pairs of 68 sites. Two sites were defined to be compatible if all nucleotide changes at both sites can be inferred to have occurred only once, indicating a common evolutionary history of the sequences (13) .
The compatibility can be separated into two components, a within-locus component based on the comparison of pairs of sites at the same locus, and a between-loci component based on the comparison of sites between loci. Overall, 92.7% of the pairs within a locus were compatible, and 79.6% were compatible between loci. The lowest level of compatibility for both components was presented by yaiN and the highest by ykgE (Fig. 3b) . The mean I A value for the four MNR loci was 0.46, with a standard error of 0.069, indicating that the loci were compatible.
A phylogenetic tree was constructed based on each of the loci separately (supplemental material may be found at http: //www.technion.ac.il/technion/food/) and on the multilocus sequence of the four MNR loci (Fig. 4) .
DISCUSSION
Previous studies demonstrated that MNRs in noncoding regions of the E. coli and other prokaryotic genomes are abundant and polymorphic (8, 9, 15, 24, 46) . These characteristics suggest that SSRs may be markers of choice for evolutionary studies, as was previously shown for eukaryotes (5) . However, an attempt to use fragment size analysis of mononucleotide SSR amplicons produced phylogenetic trees that were inconsistent with the accepted tree (24) .
Our goal in this phylogenetic analysis was to utilize polymorphic DNA sequences by combining four MNR loci for multilocus sequence typing (MLST) analysis. We found that se- (21), B2 is the most ancient E. coli group, followed by D and then the sister groups A and B1. Since ycgW, b2345, and ykgE were not amplifiable in the B2 group (Table 3) , they likely were transferred into the genome of the common ancestor of the D group (ycgW and b2345) or during the early evolution of D group before the segregation of the A and B1 clades (ykgE). These PCR amplification results (Table 3) can support the hypothesis that yaiN is the oldest locus of the four, followed by ycgW and b2345 and then ykgE.
The divergence of bacterial strains in nature is accelerated by the high rate of recombination, which may indicate horizontal gene transfer, resulting in fragmentation of the clonal frame of each strain (10, 25) . Loci identified as recombination hot spots should be removed from the multilocus analysis because they may represent different evolutionary histories (21) . Several approaches for inferring recombination and horizontal gene transfer in bacteria from DNA sequence data have been described (4, 13, 19, 20, 33, 42) . Due to the availability of appropriate software and their wide use in other studies, we used the compatibility matrix approach (13) and calculated an association index for the four loci (42) . Both approaches aim to examine the sequence compatibility between loci. A low level of compatibility indicates that the loci have experienced several changes due to recombination or repeated mutations at specific sites. The analysis of our sequence data by the two methods suggested that the four loci are compatible. The order of sequence compatibility plotted in Fig. 3b is in agreement with the hypothesis that we drew from the PCR amplification analysis: the longest-evolving locus, yaiN, had the lowest within-locus and between-loci compatibility levels, followed by b2345 and ycgW and then ykgE, which had the highest betweenloci compatibility level. However, it is important to note that the source of yaiN's low between-loci compatibility is its hy- 
a Group classification follows Herzer et al. (12) . b ϩ, successful PCR amplification; Ϫ, no PCR amplification. SeqY, PCR fragments were further sequenced for the strain.
Core artificial sequence alignment. The polymorphic positions (SNPs, insertions, and deletions) at four MNR loci were joined to create a reduced sequence alignment (68 polymorphic points along 534 bp) for 41 E. coli strains. Numbers above each column indicate the position at the specific locus.?, entire locus was not amplified in this strain; Ϫ, the specific position was absent (i.e., deleted).
pervariable poly(G) MNR. Both ycgW and b2345 had higher within-locus compatibility values. This high level of withinlocus conservation may be related to their functions, which may be subject to selection pressures. A multilocus tree was constructed from the combined sequence of the four loci (Fig. 4) , and for each locus separately (http://www.technion.ac.il/technion/food/). We found very good agreement among the three methods of phylogenetic analysis that we used (NJ, UPGMA, and MP). Groups A and D clustered as expected, and group B1 strains branched separately from A and D but did not cluster with each other. Group B2 is not present because it did not amplify at three of the four loci.
The six O157:H7 outbreak serotypes that we examined had completely identical sequences at the loci examined. O157:H7 clustered tightly with O55:H7 and the ungrouped EC37, which is consistent with findings in previous studies (35, 50) . O55:H7 and O157:H7 evolved recently from a common ancestor and are more likely to be distinguished from each other by the presence or absence of the PCR amplicon due to the high rate of insertion and deletion events in the O157 genome (17, 30) . EC42 was closely related to this cluster in the MP and NJ trees but not in the UPGMA tree (Fig. 4) . It was found by Pupo et al. (35) to cluster with O157:H7 and EC37.
The K-12 strains O111ac:H Ϫ (EPEC) and O78:H Ϫ (ETEC) clustered with group A strains in the multilocus analysis and in each of the trees constructed for the individual loci. The clustering of these strains with group A is also consistent with the results of previous studies (11, 35) . The clustering of O86:H18 (ETEC) with group D was a consensus in the three multilocus trees and was also evident in all the single-locus trees except that for yaiN.
An illustration of the increased resolving power of the multilocus analysis was found in the clustering of EC08 with O78:H Ϫ (ETEC) and O157:H Ϫ (EHEC) with O153: H Ϫ (ETEC). The two clusters were not distinct in any of the single-locus trees but were distinct in each of the three multilocus trees. Further support for the advantage of multilocus over single-locus phylogenetic analysis was recently reported by Rokas et al. (38) Most of the EPEC and EHEC strains did not cluster with either group A or D. With the addition of loci to the analysis and increase in resolution, they may cluster with B1 strains or with strains from the rapidly evolving ungrouped (E) category. However, since they were amplified at all loci, it is unlikely that they are closely related to the B2 group.
MLST of a number of fragments from housekeeping genes is widely used for evolutionary studies and has been put forward as a powerful tool for "global" epidemiology (23, 30, 36) . DNA sequencing provides far more variation per locus than any other method currently used for bacterial strain typing, and it provides a uniform platform for comparison between laboratories and for database storage. Noncoding loci that contain mononucleotide SSRs were significantly more polymorphic at the sequence level than loci that did not contain SSRs (Table  4) . Combining several polymorphic SSR loci enables the use of these sequences for SSR-based MLST. In this study, we demonstrated that MLST of MNRs from randomly chosen noncoding regions is as consistent and reliable as MLST of housekeeping genes. The advantage of MNRs is that they provide much higher variation per base.
The level of resolution that requires sequencing thousands of base pairs from housekeeping genes can be achieved by sequencing hundreds of base pairs from MNR loci. This should be most cost effective in clonal species such as E. coli and should make MLST a more rapid and affordable tool for epidemiology and clinical diagnostics.
Recent studies demonstrating that O157:H7 is rapidly evolving by unknown mechanisms of insertion and deletion of genomic fragments (17, 34) suggested a method for typing of O157 strains based on the absence or presence of specific PCR amplifications. In this study, we found that the amplification of randomly chosen sites of the E. coli genome can be useful for "local" typing of closely related strains (e.g., O55:H7 and O157:H7 with ycgW) as well as "global" typing for distinguishing between subspecies (of the four MNRs, only yaiN was 
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DIAMANT ET AL. APPL. ENVIRON. MICROBIOL. (14, 16, 18, 28, 37, 39, (44) (45) (46) . The markers used in phylogenetic studies should be as neutral as possible. Due to the potential involvement of SSRs in gene regulation, inference of SSR variation for evolutionary studies should be conducted with attention given to the ecological and epidemiological conditions. SSRs in genes that are known to contribute to ecological adaptation should be avoided in studies designed to infer evolutionary relationships. However, as demonstrated in this study, one way to overcome this problem is to conduct multilocus analysis, which dilutes the bias of individual loci. In this study, we found that randomly selected noncoding loci that contain MNRs were significantly more polymorphic at the sequence level than noncoding loci that did not contain SSRs in E. coli. We also found that these polymorphic MNRs were useful for inferring phylogenetic relationships and reconstructed trees that were consistent with the standard multilocus enzyme electrophoresis trees (12, 35, 50) . The usefulness of SSRs for evolution studies and strain typing in less clonal species such as Neisseria meningitidis (23) should be tested in similar future studies.
